The properties of slow neutrons of different velocities have been in vestigated mainly by methods in which their velocities are determined indirectly, for example, by way of the absorption coefficient of boron, which is believed to vary inversely with the velocity of the neutron. Direct measurements of velocity within the therm al range (~ 2*5 x 105 cm./sec.) have, however, been made with velocity-selectors employing high speed rotary shutters which allow neutrons to pass for brief periods a t regular intervals (Dunning, Pegram, Fink, Mitchell and Segre 1935). I f two such shutters are arranged a t a distance l apart, a neutron of velocity v can pass through both shutters in succession only if the second is open a t a time l/v later than the first; if the two shutters are driven a t identical frequencies with a suitable difference of phase, only those neutrons whose velocities lie within certain ranges will be transm itted.
The properties of slow neutrons of different velocities have been in vestigated mainly by methods in which their velocities are determined indirectly, for example, by way of the absorption coefficient of boron, which is believed to vary inversely with the velocity of the neutron. Direct measurements of velocity within the therm al range (~ 2*5 x 105 cm./sec.) have, however, been made with velocity-selectors employing high speed rotary shutters which allow neutrons to pass for brief periods a t regular intervals (Dunning, Pegram, Fink, Mitchell and Segre 1935) . I f two such shutters are arranged a t a distance l apart, a neutron of velocity v can pass through both shutters in succession only if the second is open a t a time l/v later than the first; if the two shutters are driven a t identical frequencies with a suitable difference of phase, only those neutrons whose velocities lie within certain ranges will be transm itted.
While this type of apparatus has yielded im portant results, its develop ment meets with difficulties in two directions. First, no material is completely opaque to neutrons and there is always a large " background" of neutrons which have passed through a " closed" shutter. The ratio of this background to the velocity group which it is intended to isolate increases rapidly as the fraction of time for which the shutter is open decreases; the resolving power of the apparatus is therefore limited to a low figure. Secondly, the speed of rotation of the shutters is limited by the mechanical strength of the materials of which they are made, and although this represents no great difficulty when therm al velocities are to be measured, it seems likely to prevent the extension of the method to neutrons of substantially higher speeds.
The present paper describes a method which is in principle free from these limitations. A truly interm ittent source of neutrons is employed and the instants a t which it is active are recorded, by means of a cathode-ray oscillograph, on photographic paper. The instants of arrival of individual neutrons a t a distant ionization chamber are recorded on the same photo graph and their times of flight from source to detector are thus measured.
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Since neutrons of all speeds are dealt with in a single experiment, this type of apparatus bears the same relation to a spectroscope th a t the velocity selector bears to a monochromator; as in optics, the relative merits of the two types of instrument will depend on the particular measurement contemplated.
The apparatus has been used to investigate the velocity distribution of the neutrons of thermal energies in the beam from a wax " howitzer". By comparison of this velocity distribution with t h a t obtained when an absorber is interposed inlet for p between the howitzer and the detector, the variation with velocity of the absorption co efficients of boron and cadmium have been studied.
The intermittent source of neutrons
The neutrons were obtained by bombarding a target of heavy ice with about 20 of deuterons generated in a discharge tube of the Oliphant type and accelerated by a steady potential of 150-250 kV. Details of the dis charge tube and accelerating system are shown in figure 1. The main accelerating voltage was obtained from an 80 kV transformer by the voltage-multiplication circuit of Cockcroft and W alton; the voltage for the discharge tube (about 25 kV) was derived from a transformerrectifier unit whose primary was supplied by an alternator mounted on insulating pillars and driven from a motor below. This alternator also supplied, by way of transformers, the power for valve filaments and other apparatus at the high-potential end of the accelerating system. The accelerating tube was evacuated by a pair of oil diffusion pumps (Metropolitan-
inches ■ metal glass and porcelain
Vickers type O 3) backed by two of the 0 2 type Fiodee ° D to h^ta b e . and these again by a Megavac rotary pump. The heavy hydrogen for the discharge tube was generated by the electro lysis of acidulated heavy water in a simple automatic pressure-regulating tube, was conveyed to the top of the discharge tube at approximately atmospheric pressure, and was there admitted through a Kaye leak which could be adjusted from below.
The voltage through the electrodes of the discharge tube was applied intermittently, the duration of each impulse being about 5 x 10~4 sec., and the interval between successive impulses being 5 x l 0-3 sec. This was accomplished as follows. An interm ittent beam of light was obtained by placing a lamp behind a slotted disk rotated by a motor which was syn chronized to the 50-cycle A.C. mains. This interm ittent light beam was focused by a lens upon the cathode of a photoelectric cell which was carried on a platform on the top of the discharge tube (see figure 2) . The interm it tent current from this cell was amplified by a four-stage capacity-coupled amplifier, the last stage of which delivered an impulse of 1000 V a t each flash of light. These impulses were applied between the grid and cathode of a triode valve (which we shall call the control triode) in such a way th at the grid was 1000 V negative with respect to the cathode except during each flash of light, when its potential rose approximately to zero. The anode and cathode of the control triode were connected in series with the discharge tu b e ; the amplification factor of the triode was so high (~ 60) th at with the grid at -1000 V no current could pass in spite of the 25 kV applied continuously to the circuit. At each flash of light the triode became suddenly conducting and the discharge started abruptly. Owing to the capacity between the electrodes of the discharge tube, the discharge did not cease immediately when the control triode became non-conducting again. A second triode (the short-circuiting triode) was therefore con nected in parallel with the discharge tube, its grid potential being con trolled by the current through the control triode in such a manner th at it was conducting whenever the control triode was not conducting. A neon lamp was placed in the anode circuit of each of the triodes, and these lamps, when viewed in an oscillating mirror, showed clearly the inter m ittent nature of the current through them and so gave a valuable check on the working of the apparatus.
Experiments with a velocity-spectrometer

Target
The target consisted of a layer of heavy ice formed inside a hollow copper cylinder insulated by a glass tube into which the copper was sealed. To form the target, a tap was opened for a short time and D20 vapour allowed to diffuse on to the lower end of the cylinder, which was kept in liquid air. The cylinder was connected to earth by means of a resistance R (figure 1), the potential difference between the ends of which gave a mea sure, at every instant, of the current striking the target. By applying this potential to the defection plates of a cathode ray oscillograph, it was verified th a t the target current was truly interm ittent; the current was zero for about four-fifths of each cycle, and a t least three-quarters of the total current was concentrated in one-tenth of the cycle.
P assage of neutrons from source to detector
In order to reduce the velocities of the fast neutrons to thermal values, the target was surrounded by a " howitzer" of water tanks and paraffin wax blocks, the opening pointing towards an open window. The average time required for a fast neutron to reach thermal equilibrium is known to be of the order of 10~5 sec. The average life of a neutron in thermal equili brium before it either escapes or is captured by a nucleus is of the order of 2 x 10"4 sec., and since each pulse of deuterons lasts for about 5 x 10~4 sec. we may estimate the duration of each pulse of slow neutrons to be 7 x 10~4 sec. By placing a boron-lined ionization chamber near to the howitzer and recording the amplified impulses from the chamber on bromide paper in the same manner as is described later, we have been able to verify experi mentally th a t the duration of the pulses of neutrons is not greater than estimated above. The interval between pulses being 5 x 10~3 sec., the highest resolving power which the apparatus can give is of the order of 7.
The most favourable distance between source and detector will be such th at the average thermal neutron (velocity about 2*5 x lO 5 cm./sec.) occupies in its flight to the detector a considerable fraction of the interval between pulses, while very few neutrons take longer than th a t interval.
Such very slow neutrons, of course, will be indistinguishable from fast neutrons generated by the succeeding pulse of deuterons. For a Max wellian distribution of velocities a t ordinary tem perature, a distance of 5*3 m. satisfies these conditions fairly well, and this distance was accord ingly chosen. W ith the source and the detector so widely separated, neutrons scattered from the floor and walls of the room form, under ordinary conditions, a large fraction of the to tal num ber of neutrons reaching the detector. The discharge tube was therefore placed as near as practicable (about 1*5 m.) to a window to which the howitzer pointed and the detector was hung in mid-air about 4 m. outside the building. A light sheet-iron tube, coated internally and externally w ith cadmium, extended from the window to the detector and served as a further protection against scattered neutrons. The geometry of the system is shown in figure 3 . 
The detection of the slow neutrons
The conditions to be satisfied by the detector are (1) th a t it should register the time of arrival of the neutron w ith as high accuracy as possible, and in any case to w ithin 7 x 10-4 sec., which is the duration of the slow neutron pulses a t the source, and (2) th a t it should be sufficiently sensitive and have a low natural count. These conditions were realized by an ionization chamber filled with BF3 gas a t atmospheric pressure, coupled to a five-stage linear amplifier, the output of which was applied to a cathode-ray oscillograph. A scale drawing of the chamber is given in figure 4 , which shows th a t the chamber is much larger than is customarily used. This was necessary to secure sufficient sensitivity, but it introduced the difficulty th a t the electrostatic capacity was high (about 60 cm.) and the voltage impulses due to the collection of ions were correspondingly low. In order th a t each impulse should rise above the background due to shot-effect in the amplifier w ithin a sufficiently short time, it was necessary to apply 2000 V between the electrodes. I t was then possible to fix "Within 2 x 10~4 sec. the tim e a t which each a-particle from the (instantaneous) nuclear reaction 1«B + ^ = ILi + fHe passed through the chamber. I t m ay be pointed out th a t the voltage of the collecting electrode begins to change as soon as the positive and negative ions begin to separate under the electrostatic field; it is therefore the start of each pulse which indicates the tim e a t which ionization took place.
The first valve of the amplifier (a W estern Electric type 259 B, stabilized by a grid leak of about 5 x 108 ohms) was m ounted next to the ionization Experiments with a velocity-spectrometer chamber, b u t the remainder of the amplifier was placed indoors, a low capacity shielded lead carrying the impulses from the first stage to the second. Into the second stage of the amplifier were also injected the voltage impulses which appeared across the resistance in figure 1, so th a t the oscillograph stream showed a trace interrupted a t intervals of 5 x 10~3 sec. by kinks representing the times a t which the deuterons were striking the target. The same trace showed the occasional kinks repre senting the instants a t which neutrons were detected by the BF3 cham ber; the interval between the beginning of a " neutron k in k " and the middle of the previous " deuteron k in k " or " time m a rk " should give the most probable value for the time of flight of th a t particular neutron over a distance of 5*3 m. Since the polarity of an impulse is reversed a t every stage in a resistance-capacity coupled amplifier, the deuteron and neutron kinks were in opposite directions. The oscillograph had a 25-cycle time base, synchronized to the 50-cycle mains, so th a t eight deuteron kinks appeared a t fixed positions on each traverse of the spot. The traces were photographed on a considerably reduced scale on a moving strip of bromide paper, the camera employed having been made in the Imperial College workshops to the design of one of us (C. E. W.-W.).
Measurements made later on the photographs, under suitable magnifica tion, enabled the time of flight of each neutron to be recorded.
Two portions of record are shown in figure 5 ; the portions illustrated show eighteen neutrons and in this respect are more than ordinarily favourable, the average rate of counting being about twenty-five per minute. The natural count of the chamber was about three per minute. 
Method of analysing traces
It is convenient to divide the neutrons recorded on the trace into ten groups according to their times of transit. Group 0 contains those which arrived too soon for their time of transit to be measured with certainty and groups 1-9 have successively greater times of transit. In order to make the successive groups cover equal increments in the times of transit we adopted the following procedure. We projected a magnified image of the film on to a ground glass screen. On this screen a scale was drawn consisting of eleven lines, numbered 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 0, passing through a point and making equal intercepts on the line of the image of the trace (figure 6). The screen was moved until the first line was a t the middle of the first time mark and the eleventh line a t the middle of the second time mark. The particle is assigned to the group 0-9 according to the number of the nearest line to the first detectable " rise" (downwards in Fig. 6 ) of the trace, group 0 being assigned to particles nearest to the line through the first time mark and the others in order.
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F igure 6
This method gives a true histogram of the velocity distribution of the neutrons, provided th at the duration of the pulse of neutrons is negligible and that the middle of the time mark accurately represents the middle of the pulse. The true distribution cannot be obtained from such a histogram to an accuracy greater than th at corresponding to the steps chosen. Actu ally the total duration of the beam of ions is known, from observations on an oscillograph operated directly from the beam, to extend over about one-fifth of the period, though the large majority of ions come within one-tenth. It follows th at the results from groups 1 and 9 will be modified by the inclusion of a proportion, difficult to calculate, of fast neutrons which really belong to group 0. This effect will be relatively important in the case of group 9, containing the slowest neutrons, which we should expect to be few in number, but both groups must be regarded as suspect and no important conclusions can be drawn from them. Group 0, which of course is also affected, is not of importance as we are not specially interested in the number of fast neutrons recorded.
A similar error is of course produced in each group; for example, a small portion of group 6 will be lost to groups 5 and 7, which conversely will give something to group 6; but here, since the numbers in successive groups vary smoothly, the effect on the final result will be small.
In order to ensure th at there should be no systematic delay of the traces of either time signals or particles the impulses from both were passed through the same amplifier circuit. This procedure had the disadvantage th at the circuit used to give sharply rising traces for the particles distorted the time signals into the shape shown in figure 7 , the total duration of a time mark being onequarter of the interval between successive time marks. Observation on an oscillograph directly connected to the target showed th at the pulses were really quite simple in form, rising sharply to a maximum and \ ^-b falling almost symmetrically. The width of such a pulse, measured one-third the way up, was about one-seventh of the spacing between the pulses, while the time marks as we have seen, ranged up to one-quarter. The difference, say one-tenth, represents a drawing out of the time mark by the circuit, and half this value gives the error due to setting the line on the middle of the apparent mark instead of an ideal undistorted mark. The shapes of the time marks in the runs used have been examined, and although slight variations exist there is no systematic difference between those taken with and without the absorbers. ■ The only effect of the error is thus to decrease slightly the velocity corre sponding to a given group, the absorption coefficient for the group as found by the method discussed below being unaffected.
Measurements of absorption coefficients
In order to measure the absorption coefficient of an element for neutrons of the range of velocities covered by the apparatus, an absorber must be made, large enough to cover the entrance of the cadmium coated tube, and of such thickness as to absorb about half the neutrons striking it. A series of runs is then made with the absorber in place, and the number of neutrons in any one time group is compared with the number in the same group when the absorber is absent. Another series is made with an absorber made of borax of sufficient thickness to absorb practically all those neutrons which would normally go direct from the source to the chamber. The count with this absorber in place represents the effect of neutrons scattered from the walls and parts of the apparatus.
To allow for the fact th a t the interm ittent source will not always be of the same strength, a standardizing experiment is made in which the interm ittent source is replaced by a 100 mg. R a + Be source placed as close as possible to the target and with the same distribution of wax around it. The particles so obtained are photographed in the usual way, though of course there are no time marks, and their number per minute is counted under three conditions: no absorber " a " thick boron absorber " 6 " , absorber to be tested " d " . Suppose th a t in the runs with the interm ittent source the number of particles in a particular one " gr" of the ten groups totals A g for the runs without absorber, B g for the runs with the thick boron absorber, and Dg for those with the absorber to be tested. Then with the interm ittent source working with a (mean) strength of 100 mg. for one minute the number of particles recorded in group g which went directly from source to detector would have been with the absorber in place. The ratio NJNg of these quantities is therefore equal to e™, where n is the number of absorbing nuclei per sq. cm. of the absorber and ar the cross-section for absorption including scattering. In forming all these quantities the natural count of the chamber is sub tracted. The determination of an absorption coefficient in this way is independent of any assumption as to the relative efficiency of the detecting chamber for neutrons of different velocities. In the earlier groups a small allowance should be made for the fact th a t a few of the neutrons in them are really slow ones produced by the previous pulse of ions. The " th in " boron absorber was made from a mixture of 4 parts sulphur to 1 of anhydrous borax fused together and cast into sheets. Four of these sheets were fitted together in a suitable frame to give an area of 46 x 46 cm. with a weight of 0-53 g./cm.2. The " thick" boron absorber was formed of borax packed to a thickness of about 5 cm. between tin plates. The cad mium absorber was made by plating cadmium on to sheet iron 56 x 51 cm. to a thickness of 0*0296 g./cm.2.
The results for the variation of the absorption cross-section of boron with group number (i.e. with 1 /v) are shown in figure 8. One is a t once struck by the marked contrast between our results and those to be expected from the ljv law, which would give a straight line through the point P ( figure 8) .
The principal experimental evidence in favour of the 1 /v law for boron is the negative result of the spinning-absorber experiment of R asetti and others, which if our results are correct should have shown a change in the same sense and the same order of magnitude as th a t which they found for cadmium. Alvarez, using an apparatus which has some similarity to ours, but working with still slower neutrons, has found an absorption coefficient greater than th a t for an unanalysed beam by approximately the amount which the 1 /v law would predict; in the region of velocity which we have studied he found w hat appeared to be a considerable divergence from the l/v law but ascribed it to unsuitable adjustm ent of his apparatus. All our attem pts to trace the divergence of our results from the 1 /v law to errors of experiment have failed, and as we are unable a t the present time to pursue the m atter experimentally we make no further comment except to give later in this paper some details of the two aspects of the work which seemed to us to offer the only possibilities of serious experi mental error. We refer to the measurement of the traces which, in large p art we were unable to do ourselves, and some difficulties experienced with the cadmium-coated tube. We have considered the possibility th a t the thin boron absorber might have been inhomogeneous (owing, for example, to imperfect mixing of the l- 4f------1 --------------1 -------1 -------1 ------1 -------1 -------1 --- --------------------------------------------------- 
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F igure 9. Absorption coefficients for cadmium absorber w ith 1-59 x 1080 atom s per cm.2.
borax and sulphur), and have satisfied ourselves th a t this was not so. Any such inhomogeneity would tend to reduce the observed absorption coeffi cient and to make it apparently less dependent upon the velocity of the neutrons. The results for cadmium are shown in figure 9 . Though it is perhaps surprising th a t the absorption coefficient should be so small for the slowest neutrons, yet our curve does not contradict any facts known to us, and it predicts a result from the spinning-absorber experiment almost identical with th a t found by Rassetti et al. 
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No further experiments are required in order to obtain the velocity distribution of those neutrons of the original beam which are registered by the BF3 chamber, for this is already given as a function of the group number g by the expression Ng. In order to convert this to the actual velocity-distribution in the beam we should require to know how the group number g efficiency of detection depends upon the velocity. Since the fraction of the beam absorbed in the BF3 chamber was small (about 2 %) the efficiency of detection is proportional to the absorption coefficient in boron of the neutrons. In view of the discrepancy between our measurements and the " 1 /v " law of absorption, we have preferred not to make such a conversion but simply to plot our experimental results directly and compare them with what would be expected on various suppositions. Figure 10 shows the values of Ng experimentally obtained for each of the ten groups, the vertical lines indicating the statistical standard deviations of these values as calculated from the numbers of particles involved. An additional scale of abscissae shows the velocities which correspond to the centres of the groups. The full curve is drawn through points which are the numbers th a t would be expected to fall in the various groups if the velocity distribution of the neutrons were th a t of molecules issuing from a small hole in an enclosure containing a gas of unit molecular weight a t room temperature, it being supposed th a t the efficiency of detection varies inversely with the velocity. The dotted curve is drawn through points calculated from the same Maxwellian law, but on the supposition th a t the efficiency of detection varies with velocity according to our experimental measurements of the boron absorption coefficient. The vertical scale of each calculated curve, which is of course arbitrary, has been adjusted to give the best possible fit to the experimental points. The discrepancy a t the peak of the broken curve may be explained by quite small random errors in measurement, which will make the observed peak less sharp than the calculated one, in which allowance has been made only for the finite resolving power of the apparatus itself; otherwise distinctly the better fit is obtained by the use of our experimental values of the absorption coefficient.
Too much stress should not be laid on this because the velocity dis tribution of the neutrons m ust not be expected to be exactly Maxwellian. Since the neutrons have a finite lifetime in the wax, a true Maxwellian equilibrium is not obtained in the interior, and an excess of faster neutrons m ust be expected. Moreover, the relation between the velocity distribution of the neutrons which escape and the velocity distribution inside will not necessarily be the same for neutrons escaping from a material surface as for molecules emerging freely from an orifice, and may vary with the angle a t which the neutrons leave the surface.
Corrections for scattered particles
As explained above, we allow for the neutrons which arrive a t the detector by an indirect path, by taking counts with the standard source and with a thick boron absorber in the path of the direct beam. The , importance of this correction depends on the absorbing powers of the cadmium coated tube which acts as a shield. At first the cadmium was applied to the tube as a paint. After the runs with and without the boron absorbers had been taken, it was found th a t the paint was peeling off, and a count with the standard source showed th a t the correction had consider ably increased (about doubled). We believe, however, th a t much the greater part of the loss of paint occurred after these runs, and have there fore used the corrections as determined for the tube when new. The runs with the cadmium absorber in place were made w ith a second tube of iron electrolytically plated with cadmium, and gave a count with the thick boron absorber slightly less than th a t given when the painted tube was new. The following table shows the counts per min. with the 100 mg. source after subtracting the " n a tu ra l" count: From these figures and the results for the boron absorber given above the cross section of boron for the slow neutron beam as a whole may be calculated. The original arrangement gives a value of 6*7 x 10-22 cm.2, while after the loss of paint a value of 8*0 x 10-22 cm.2 results. The discrepancy is rather serious and we have no satisfactory explanation for it. B ut even if we were to make the extreme assumption th a t the paint fell off suddenly after the " Maxwell" runs but before the runs with the boron absorber (which is certainly wrong, and moreover the two series overlapped to some extent) the curve of absorption against group number, though less violently in contradiction with the 1 fv law, is still in definite disagreement with it.
In calculating the absorption curve for cadmium, we have again taken the data for the original arrangement so far as the direct beam is con cerned. The value for the average cross section is 3*0 x 10-20 cm.2.
We should like to state th a t G. E. F. F., P. B. M., G. P. T. and C. E . W. -W. (1939) , were responsible for the design and construction of the apparatus in substantially its final form and for the taking of a few early readings; D. F. G., G. P. T. and C. E. W.-W. have made some improvements of detail and have m,ade the experiments here reported. We are all much indebted to Mr H. Hutchinson for technical assistance.
Summary
A velocity spectroscope for slow neutrons has been constructed upon the principle of measuring the times of transit of individual neutrons from an interm ittent source to a distant ionization chamber.
Measurements have been made of the velocity distribution of the slow neutrons from a paraffin-wax howitzer a t room tem perature.
By the interposition of absorbers, the absorption coefficients of boron and cadmium have been measured for neutrons of different velocities. The results for boron are inconsistent w ith the law of inverse velocity. Experiments with a velocity-spectrometer
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A magnetic study of the two-phase iron-nickel alloys 
I ntroduction
The iron-rich alloys of iron and nickel resemble pure iron in th a t they undergo a phase change from body-centred cubic (a) structure to facecentred cubic (y) structure on heating. On cooling the alloys, however, the return to the original state takes place a t a much lower tem perature, and on account of this therm al hysteresis the alloys are known as irre versible.
A magnetic investigation of these alloys has been made by Peschard (1925) , who measured the variation of the saturation intensity of the alloys w ith tem perature. The change from the a to the y lattice is accom panied by a decrease of the saturation intensity of the alloy, since the y phase is non-magnetic a t the tem perature of the change. Curves showing the variation of intensity with tem perature are very useful in the study of these alloys, since they give visual evidence of the irreversibility.
The relation of the irreversible changes to the equilibrium phase diagram is not clearly understood. Recently, however, equilibrium diagrams of the iron-nickel system, determined by means of X -ray data, have been pub lished by Bradley and Goldschmidt (1939) and Owen and Sully (1939) .
